Background/Aims: The anti-apoptotic effect of an increase in the extracellular concentration of potassium ([K + ]) has been confirmed in vitro. However, it is not yet known whether elevated serum [K + ] exerts a cerebroprotective effect in vivo. In this study, we aimed to explore the effect of elevated serum [K + ] in a rat model of middle cerebral artery occlusion and reperfusion (MCAO/R). Methods: Rats subjected to 90-min MCAO received 2.5% KCL, 1.25% KCL, or a normal saline solution at a dose of 3.2 mL/kg at the onset of reperfusion. Rats that were subjected to vascular exposure and ligation without MCAO were defined as the Sham group. Serum [K + ] was determined using a blood gas analyzer at 1 min after medicine administration. At 24 h post-reperfusion, rat brains were harvested and processed for 2% 2,3,5-triphenyltetrazolium chloride staining, terminal deoxynucleotidyl transferase-mediated 2′-deoxyuridine 5′-triphosphate-biotin nick end labeling staining, detection of caspase-3 and cleaved-caspase-3 by western blotting, detection of reactive oxygen species (ROS) by dihydroethidium staining, and observation of mitochondrial structure by electron microscopy. In addition, malondialdehyde (MDA), adenosine triphosphate (ATP), total superoxide dismutase (T-SOD), cytochrome C oxidase (COX) activity, and mitochondrial permeability transition pore (MPTP) opening were measured using detection kits. Results: The results showed that elevated serum [K + ] decreased cerebral injury and apoptosis, reduced ROS and MDA levels and MPTP opening, increased ATP levels and cytochrome C oxidase activity, and improved mitochondrial ultrastructural changes, although there was no significant difference in T-SOD activity. Conclusion: These findings suggested that elevated serum [K + ] could alleviate cerebral ischemia-reperfusion injury and the mechanism may be associated with the preservation of mitochondrial function.
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Introduction
When cerebral ischemia occurs, it is crucial to restore blood supply as soon as possible to avoid neuronal loss in the ischemic area. However, the restoration of blood supply may result in ischemia-reperfusion injury (IRI), due at least in part to the excessive generation of reactive oxygen species (ROS) [1] [2] [3] [4] . ROS are formed in the mitochondria as a natural byproduct of metabolism, and they have important roles in the signaling pathways for cellular proliferation, survival, and differentiation under normal physiological conditions [5] . However, under pathophysiological conditions, some pathological factors, such as IRI, can cause mitochondrial dysfunction, which can, consequently, lead to a dramatic increase in the levels of ROS without a corresponding increase in the ability to eliminate these species. ROS can degrade polyunsaturated lipids to damage cells [6, 7] . Therefore, it may be a therapeutic option to protect mitochondrial function by maintaining the balance between ROS generation and elimination to alleviate IRI.
On the other hand, cell apoptosis and shrinkage can be induced by a deficiency or efflux of intracellular potassium [8, 9] . In addition, an increase in the extracellular concentration of potassium ([K + ]) or inhibition of potassium efflux can improve mitochondrial function and exert an anti-apoptotic effect on cells [10, 11] . In animal experiments, beneficial effects also seem to be produced when serum [K + ] is increased. For example, rats in a cardiac arrest (CA) model established by KCl injection were easier to resuscitate than those in one established by electrical stimulation. Furthermore, CA rats induced by KCl injection could tolerate a longer period of ischemia and showed less neural injury than those induced by electrical stimulation [12] [13] [14] . Since the key biochemical difference between these two CA rat models is serum [K + ], it is rational to hypothesize that elevating serum [K + ] by the venous administration of a KCl solution could provide some protection to the brain against IRI. Therefore, in the present study, we examined whether elevated serum [K + ] could alleviate cerebral IRI using a rat model of focal cerebral ischemia with middle cerebral artery occlusion and reperfusion (MCAO/R). In addition, the underlying mechanism was studied.
Materials and Methods

Animal preparation and the focal cerebral MCAO/R model
Healthy adult male Sprague-Dawley rats (body weight 250-280 g, age 8 weeks) were provided by the Experimental Animal Center of Guangxi Medical University. All rats were handled according to the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH) and the experimental protocol was approved by the Animal Experiment Committee of Guangxi Medical University.
The rats were fasted for 12 h with access to water ad libitum before surgery. The rats were anesthetized with an intraperitoneal injection of 2% pentobarbital sodium (30 mg/kg). According to the MCAO procedure described previously [15] , the right common carotid artery (CCA), internal carotid artery (ICA), and external carotid artery (ECA) were exposed by a midline incision on the neck. A monofilament nylon suture (L3600; Guangzhou Jia Ling Biological Technology Co., Ltd, Guangdong, China) with an external diameter of 0.28 mm and a silicone-coated tip was inserted from the bifurcation through the ECA into the ICA to a distance of approximately 18-20 mm. After 90 min of MCAO, the suture was withdrawn, blood flow was restored, and the ECA was ligated. During surgery, the rectal temperature of the rats was maintained at 37.0 ± 0.5 °C with a heating lamp. The rats in the Sham group underwent exposure of the right CCA, ICA, and ECA followed by ECA ligation without MCAO. All surgical procedures were completed by a skilled investigator.
At the onset of reperfusion, the rats were assigned randomly to receive a 1.25% KCl solution (lowdose group, LD group), 2.5% KCl solution (high-dose group, HD group), or 0.9% normal saline solution (NS group) at a dosage of 3.2 mL/kg. Administration was performed through the right jugular vein with a micro pump at an infusion rate of 8 mL/h. Administration of the test solutions was completed by another skilled investigator who followed the instructions provided in a sealed envelope that were prepared by a third investigator. Rats that experienced an anesthetic or surgical accident were excluded. The criteria that were used to determine whether the rats would undergo further experiments are detailed in the following ] of the rats was determined using an arterial blood gas analyzer (n = 8/group). The rats were then sutured and placed singly in a cage with dry bedding and housed in an air-conditioned and quiet room (room temperature 26 °C). The rats had free access to water and food.
Evaluation of brain infarct volume
To evaluate brain infarct volume, the rats (n = 8/group) were anesthetized deeply with an intraperitoneal injection of 2% pentobarbital sodium (30 mg/kg) at 24 h after reperfusion. Then, the brains were removed quickly, ensuring that they had no subarachnoid hemorrhage, the cerebellum and frontal pole in the suprachiasmatic nucleus were removed, and the rest of the brain was sliced into 2-mm-thick coronal sections (a total of 5 total on average) for staining. Staining was performed in the dark using a 2% 2, 3,5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, St. Louis, MO, USA) solution for 30 min in a water bath at 37 °C, and the samples were incubated in 4% paraformaldehyde in phosphate-buffered saline (pH 7.4) for 12 h. Infarcted tissue was stained white, while normal tissue was stained red. Infarct volume in each group after TTC staining was assessed by a researcher blinded to group assignment. The section area was evaluated using Image J software (v1.33; NIH, Bethesda, MD, USA), and color quantification was determined as follows: percentage of infarction = (measured infarct area -[ipsilateral hemisphere area − contralateral hemisphere area]) / ([ipsilateral hemisphere area + contralateral hemisphere area] -[ipsilateral hemisphere area − contralateral hemisphere area]) [16] .
Assessment of neuronal apoptosis
To evaluate neuronal apoptosis, the rats (n = 8/group) were anesthetized with an intraperitoneal injection of 2% pentobarbital sodium (30 mg/kg) at 24 h after reperfusion. The brains were then removed quickly, frozen, and cut into 5-μm-thick sections using a CM1950 Cryostat Microtome (Leica, Nussloch, Germany), and the sections underwent terminal deoxynucleotidyl transferase-mediated 2′-deoxyuridine 5′-triphosphate-biotin nick end labeling (TUNEL) staining with an In Situ Cell Death Detection Kit (Roche, Indianapolis, IN, USA), which was used to assess DNA damage as a marker of apoptosis. 4′,6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich) was used as a chromogen. TUNEL-positive apoptotic cells exhibited green fluorescence. All cells, including apoptotic cells and non-apoptotic cells, can be stained by DAPI and present with blue fluorescence. The number of green and blue fluorescent cells was counted in the infarcted cortex at 400× magnification using an Olympus BX53 reflected light fluorescence microscope (Olympus, Tokyo, Japan) in five randomly-selected fields. The apoptotic index (AI) was calculated as the number of green fluorescent cells/number of blue fluorescent cells.
Western blot assessment of caspase-3 and cleaved-caspase-3
Caspase-3 and cleaved-caspase-3 were assessed by western blotting. Right ischemic cortices were collected, weighed, and homogenized in a 1:10 (w/v) radio immunoprecipitation assay lysis buffer (P0013B; Beyotime Biotechnology, Shanghai, China) including a 1 mmol/L phenylmethanesulfonyl fluoride (P0100; Solarbio, Beijing, China) solution using a glass homogenizer. After 30 min, the soluble proteins were collected and centrifuged at 14, 000 × g for 15 min at 4 °C. After centrifugation, total protein concentration was determined using a BCA Protein Assay Reagent Kit (P0010; Beyotime Biotechnology) with the proteins extracted from the supernatant, which were then denatured at 100 °C for 15 min in 4× sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (P1015; Solarbio). Samples containing 25 μg total protein were separated by 15% SDS-PAGE and transferred to an Immobilon-P membrane (0.22 μm bore diameter; Millipore, Bedford, MA, USA), which was then blocked by 5% nonfat milk. Immunoblotting analysis was performed using an anti-caspase-3/cleaved-caspase-3 monoclonal antibody (#9662, 1:800; Cell Signaling Technology, Danvers, MA, USA). β-Actin was used to control for equal sample loading in each subcellular fraction (#8457, 1:1000; Cell Signaling Technology). After 3 washes for 5 min with Tris-buffered saline containing 0.1% Tween 20 (TBST), the membranes were further incubated with a secondary antibody (#5151, 1:15000; Cell Signaling Technology) for 2 h followed by 3 washes with TBST. The optical densities of the protein bands were analyzed by Odyssey (LI-COR Biosciences, Lincoln, NE, USA). Blot bands were quantified with Image J software (v1.33; NIH). The quantified values were expressed as a percentage of β-actin (n = 8/group). All data were obtained from 3 independent experiments.
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ROS measurement
Dihydroethidium (DHE; Sigma-Aldrich) was used as an ROS-specific fluorescent probe; DHE and intracellular ROS form ethyl oxide species that can mix with chromosomal DNA to produce red fluorescence, the measurement of which provides an estimate of cellular ROS content. At 24 h after reperfusion, the rats (n = 8/group) were anesthetized with an intraperitoneal injection of 2% pentobarbital sodium (30 mg/kg). Then, the brains were removed quickly, frozen, and cut into 5-μm-thick sections using a CM1950 Cryostat Microtome (Leica, Nussloch, Germany), fixed by acetone, and then incubated with 1 μmol/L DHE for 30 min at 37 °C. After incubation, fluorescence was observed using a confocal laser microscope (A1; Nikon, Tokyo, Japan) at an excitation wavelength of 488 nm, and emission was recorded at 543 nm. Images were captured by the confocal laser microscope and were set at 1024 × 1024 pixels using a ×20 objective lens. The fluorescence intensity of ethidium-positive cells was quantified by NIS-Elements AR3.2 64-bit image software.
Biochemical analysis: brain K + , ATP, and malondialdehyde (MDA) levels and total superoxide dismutase (T-SOD) activity
To determine brain K + , ATP, and MDA levels and T-SOD activity, right ischemic cortices were collected at 24 h after reperfusion and homogenized. Brain tissue homogenates were centrifuged at 1000 × g at 4 °C for 15 min. The supernatants were then used for the measurement of K + , ATP, and MDA levels and T-SOD activity with a Potassium Assay Kit, ATP Assay Kit, MDA Assay Kit (TBA method), and T-SOD Assay Kit (hydroxylamine method), respectively (Nanjing Jian Cheng Technology Co, Ltd., Nanjing, China). Tissue protein was quantified using the Coomassie brilliant blue reagent (Nanjing Jian Cheng Technology Co, Ltd.), and ATP and MDA levels and total SOD activity were calculated relative to protein concentration (n = 8/ group).
Electron microscopy
The rats (n = 4/group) were anesthetized with an intraperitoneal injection of 2% pentobarbital sodium (30 mg/kg) at 24 h after reperfusion, transcardially perfused with saline and 4% paraformaldehyde, and fixed with 2.5% glutaraldehyde. The brains were removed quickly and 1 mm × 1 mm × 1 mm tissues were cut from the right ischemic cortices. Then, the tissues were fixed in 2.5% glutaraldehyde, dehydrated, embedded, and sectioned at 80 nm using a Leica EM UC7 ultra microtome. The ultrathin sections were stained with uranium-citric acid and examined using an electron microscope (H-7650; Hitachi, Tokyo, Japan).
Measurement of mitochondrial permeability
Mitochondria were extracted from the right ischemic cortices using a Tissue Mitochondria Isolation Kit (GENMED Scientifics, Inc., Shanghai, China) according to the manufacturer's instructions. Determination of mitochondrial permeability transition pore (MPTP) opening was performed with an MPTP Fluorescence Detection Kit (GENMED Scientifics, Inc.). Calcein-AM is a dye that selectively aggregates inside mitochondria and produces green fluorescence. The dye is released from the mitochondria when the MPTP opens, and changes in mitochondrial fluorescence reflect the degree of MPTP opening. The fluorescence intensity of mitochondria was determined using a microplate reader (Synergy H1; BioTek, Winooski, VT, USA) at an excitation wavelength of 488 nm and emission wavelength of 505 nm. Mitochondrial protein was quantified using the Coomassie brilliant blue reagent (GENMED Scientifics, Inc.); mitochondrial fluorescence was calculated relative to protein concentration (n = 8/group).
Determination of cytochrome C oxidase activity Cytochrome C oxidase activity was determined using a Micro Mitochondrial Respiratory Chain Complex IV Activity Assay Kit (BC0945; Solarbio). Mitochondria were extracted from right ischemic cortices according to the guidelines of the kit. Mitochondrial complex IV (cytochrome C oxidase activity) is responsible for the catalytic oxidation of reduced cytochrome C, and finally an electron is transferred to oxygen to produce water. Reduced cytochrome C at a wavelength 550 nm has characteristic light absorption features. The decline of the light absorption rate at 550 nm can reflect mitochondrial complex IV enzyme activity. The light absorption value was determined using a microplate reader (Synergy H1; BioTek, Winooski, VT, USA) at a wavelength of 550 nm. Tissue protein was quantified using the Coomassie brilliant blue reagent (Nanjing
Jian Cheng Technology Co., Ltd.), and cytochrome C oxidase activity was calculated relative to protein concentration (n = 8/group).
Statistical analysis
Data analysis was performed using SPSS 22.0 statistical software. Groups were compared with one-way analysis of variance followed by the Student-Newman-Keuls test or Dunn-Bonferroni approach for post hoc comparisons. All data are expressed as the mean ± standard deviation (SD), and a value of P < 0.05 was considered to indicate a statistically significant difference.
Results
Venous administration of a KCl solution increases serum [K + ]
The rats were administered a KCl solution intravenously at the moment of reperfusion after 90 min of occlusion. When the transfusion was finished, serum [K + ] was significantly increased in the LD and HD groups when compared with the NS group (P < 0.01, Fig. 1 ).
Elevated serum [K + ] reduces infarct volume
The cerebral infarction volume was evaluated by TTC staining at 24 h of reperfusion ( Fig. 2A) . Compared with the NS group, the infarct volume was reduced in the LD group (P < 0.05) and HD group (P < 0.01). In addition, the infarct volume of the HD group was markedly decreased compared to the LD group (P < 0.05). The rats in the Sham group did not exhibit any deficits (Fig. 2B) .
Elevated serum [K + ] reduces neuronal apoptosis induced by I/R
The effect of elevated serum [K + ] on neuronal apoptosis was evaluated by TUNEL and DAPI staining (Fig. 3A) . The NS group showed a significantly increased AI compared with the Sham group. Compared with the NS group, both groups that receiving a KCL solution showed a significantly reduced AI (P < 0.01). In addition, the AI of the HD group was markedly decreased compared with the LD group (P < 0.01, Fig. 3B ).
Elevated serum [K + ] reduces the expression of cleaved-caspase-3
The expression of the apoptosis-related proteins caspase-3 and cleaved-caspase-3 was detected by western blot analysis (Fig. 4A) . The NS group exhibited the highest expression of cleaved-caspase-3. The expression of cleaved-caspase-3 was decreased in both groups that received a KCL solution compared with the NS group (P < 0.01), although there was no statistically significant difference between both KCl treatment groups. No statistically 
Elevated serum [K + ] inhibits the production of ROS
Basal ROS production of mitochondria was shown by the intensity of red fluorescence in the Sham group (Fig. 5A) . The rats in the NS group produced the highest level of ROS, and the production of ROS was reduced in the LD and HD groups compared with the NS group (P < 0.01). In addition, the level of ROS was lower in the HD group compared to the LD group (P < 0.05, Fig. 5B ). ]. There was no significant difference in T-SOD activity among the NS, LD, and HD groups (Fig. 6D) . 
Changes of brain K + , ATP, and MDA levels and T-SOD activity
Elevated serum [K + ] improves the ultrastructural changes in the mitochondria
The mitochondria from the Sham group displayed normal-appearing membrane integrity, cristae, and homogeneous staining pattern of the matrix (Fig. 7) . The mitochondria from the NS group showed severe morphological changes, namely, the mitochondrial membranes were completely collapsed, the cristae were fragmented, and the matrix was electron-lucent (Fig. 7) . Elevated serum [K + ] improved the mitochondrial ultrastructural changes in the LD and HD groups. The mitochondria demonstrated moderate swelling with intact mitochondrial membranes, minimally decreased matrix density, and the cristae were nearly intact in most of the mitochondria, especially in the HD group (Fig. 7) .
Elevated serum [K + ] protects mitochondria by reducing MPTP opening
Opening of the MPTP was examined by using calcein-AM staining. Mitochondrial fluorescence intensity in the NS group was significantly lower than in the Sham group (P < 0.01), suggesting that I/R led to increased MPTP opening, whereas elevated serum [K + ] effectively inhibited I/R-induced MPTP opening when compared to the NS group (P < 0.01, Fig. 8 ). In addition, the intensity of mitochondrial fluorescence was higher in the HD group compared to the LD group (P < 0.05) (Fig. 8) .
Elevated serum [K + ] protects mitochondria
by increasing cytochrome C oxidase activity Mitochondrial complex IV activity was significantly lower in the NS group than in the Sham group (P < 0.01). Elevated serum [K + ] effectively increased mitochondrial complex IV activity when compared with the NS group (P < 0.01, Fig. 9 ). In addition, cytochrome C oxidase activity was markedly increased in the HD group compared with the LD group (P < 0.01, Fig. 9 ).
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Discussion
In this study, the HD and LD groups presented with a smaller cerebral infarct volume and reduced AI accompanied with increased cerebral [K + ] when compared with the NS group, suggesting a potential protective effect of elevated serum [K + ]. In addition, the decreased levels of ROS and MPTP opening, increased ATP levels and cytochrome C oxidase activity, and improvement of mitochondrial ultrastructural changes were observed in the HD and LD groups when compared with the NS group, indicating that the protective mechanism may be associated with the preservation of mitochondrial function and structure.
Mitochondria, as a key organelle, participate in cellular metabolism and are the major source of ATP [17] . In the mitochondria, a series of enzyme complexes are known as the electron transport chain (ETC) [18, 19] . The ETC is responsible for electron transfer via redox reactions. Coupled with the redox reaction, the ETC can also pump protons from the mitochondrial matrix to the intermembrane space between the inner and outer membranes to form a proton gradient. Under normal conditions, a small amount of electrons leak from the ETC to form a low level of ROS, which take part in cellular signaling [20] , and the proton gradient can drive ATP synthesis [21] . Dysfunction of the ETC due to ischemia can lead to inefficient electron transfer and the subsequent accumulation of electrons, which could increase the production of ROS dramatically during reperfusion [22, 23] . In addition, a decrease of the proton gradient can hamper ATP synthesis and then disturb normal cellular ]. On the other hand, cytochrome C oxidase is recognized as a key enzyme in the ETC. In our present study, cytochrome C oxidase activity was significantly increased in the presence of higher [K + ] in the HD and LD groups compared with the NS group. Furthermore, higher cytochrome C oxidase activity was coupled with a higher level of ATP and lower level of ROS. We consider that these findings reflected, to some extent, the restoration of cellular metabolism, improvement of electron transfer, and alleviation of oxidative stress.
Theoretically speaking, there is a balance between the generation and elimination of ROS that is maintained by a variety of antioxidant defense mechanisms, one of the most important of which is the SOD family of enzymes. According to the present results, T-SOD activity was significantly decreased in the NS, LD, and HD groups compared to the Sham group, but there was no remarkable difference among the NS, LD, and HD groups. On the basis of the study by Czyz et al. [24] . and our present findings, we can further deduce that the ] can promote the recovery of mitochondrial function by improving the activity of ETC enzymes rather than via the ROS scavenging mechanism by SOD. Therefore, the alleviation of cerebral damage caused by oxidative stress was eventually realized.
The homeostasis of intracellular potassium plays an important role in cell survival and apoptosis [24] . Previous in vitro studies showed that intracellular potassium efflux occurred during the early stage of cellular apoptosis, and decreased [K + ] could facilitate the activation of apoptosis-related enzymes, such as caspase-3 [25, 26] . Nevertheless, both the inhibition of intracellular potassium efflux and the restoration of [K + ] could alleviate apoptosis [27, 28] . Similarly, an in vivo CA model induced by excessive serum [K + ] exhibited the favorable restoration of spontaneous circulation and reduced cerebral damage post-CA compared with a CA model induced by electric stimulation of the cardiac endocardium. We speculated that the difference in serum [K + ] between both CA models may have a key role in the protective mechanism.
The MPTP is localized on the mitochondrial membrane and is kept closed in normal conditions. When oxidative stress occurs, a large number of ROS are formed that then damage mitochondrial membrane structure [29] and increase MPTP opening [30] , resulting in the loss of membrane potential and the increased production of free radicals [21, 22] . Increased mitochondrial permeability also increases the release of pro-apoptotic factors', such as cytochrome C, into the cytoplasm, which can activate the apoptosis-related enzyme caspase-3 [31] . Similarly, we restored K + homeostasis in neurons by elevating serum [K + ], which promotes the recovery of mitochondrial function and subsequently reduces ROS formation. Thus, MPTP opening was decreased and mitochondrial structure was improved, which were followed by the decreased expression of a pro-apoptotic enzyme.
In our preliminary experiment, the venous administration of a 2.5% KCl (80 mg/kg) solution at a rate of 8 mL/h did not affect hemodynamic stability, while a higher dosage of KCl (120 mg/kg) caused heart arrhythmia and hemodynamic instability. Therefore, KCl solutions at a concentration >80 mg/kg were excluded from the present study, although they seemed to present better protection to rats subjected to cerebral IRI. Nevertheless, in our present study, serum [K + ] was less than 5.5 mmol/L in rats treated with KCL, which did not reach the level required for hyperkalemia. We hypothesize that rats may benefit from a serum [K + ] higher than the normal range. In addition, it must be noted that KCL application was only a means to regulate serum [K + ] in our present study, and more effective and safer medicines to achieve the same aim could be a potential option. 
Conclusion
Our findings suggested that the elevation of serum potassium by the venous administration of a KCl solution at the moment of reperfusion after 90 min MCAO can alleviate cerebral apoptosis. The neuroprotective mechanism may be associated with the decreased loss of intracellular potassium and the preservation of mitochondrial function and structure.
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